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FOREWORD 

The w o r k  descr ibed  herein was accomplished by t h e  
au thors  under NASA-MSFC Contract  NAS8-5472, w i th in  
t h e  Aerospace Systems sec t ion  a t  Dynatronics,  I n c .  
Cont rac t  t e c h n i c a l  r ep resen ta t ives  a t  NASA-MSFC w e r e  
Messrs. W .  0 .  F r o s t  and C .  D .  Smith. Acceptance 
t e s t i n g  of t h e  Prototype (breadboard) u n i t  and en- 
vironmental  t e s t i n g  of the Evaluat ion ( f i n a l )  u n i t  
w e r e  j o i n t l y  performed by Dynatronics, I n c .  and 
NASA-MSFC engineer ing  personnel a t  t h e  NASA-MSFC 
A s t r i o n i c s  Laboratory.  

Th i s  r e p o r t  is n o t  c l a s s i f i e d .  
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ABSTRACT 

2 7 3 0 4  
The many considerations evolving a design approach for a highly 
accurate (0 .OS%, exclusive of quantizing error) high-speed 
analog-to-digital converter which exhibits this accuracy under 
severe environments (e .g., 105OC temperature range) are dis- 
cussed. Accuracy, reliability, power consumption, and encoding 
rate are among these considerations. Types of errors typically 
encountered in successive-approximation enczdir?.; m d  their: 
antidotes are discussed. 

An innovation referred to as "variable-speed encoding" and an 
analysis revealing its advantage in minimizing overall encoding 
time while providing maximum accuracy, is presented. A detailed 
description and performance characteristics are given for the 
analog-to-digital converter (ADC) developed following these 
design principles. A design discussion of automatic zero and 
full-scale calibration circuits is included for possible future 
application, although these circuits were not included in the 
present ADC because of system considerations. 

Finally, conclusions and recommendations resulting from the 
development program are offered,. 
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1.0 INTRODUCTION 

The "PCM telemetry era" was ushered in less than a decade ago, 
when an analog-to-digital converter was first employed as an 
important element of an operational airborne, time-division- 
multiplexing telemetry system to permit a vast improvement in 
attainable accuracies through the use of frequency-shift-keying. 
techniques in the radio link. The "PCM bandwagoh" has gathered 
additional momentum more recently due to the popularity (and 
indeed, necessity) of digital data handling techniques in 
ground processing equipment. 

As transducers, signal conditioners, and multiplexing equip- 
ment have been improved, so have analog-to-digital converters 
(encoders) . 
technique has been highly developed and represents the present 
extent of the art as far as accuracy is concerned. However, 
the technique is by no means a completed art. That is ,E 
fundamental limitation has been encountered to date which con- 
founds attempts to further improve the accuracy of a successive- 
approximation type encoder (such as Johnson noise, for example, 
which limits the low-level performance of an amplifier). However, 
the types of errors encountered in this type encoder are often 
difficult to describe owing to its servo-loop type operation in 
which "causes" and "effects" cannot easily be distinguished. 
Inclusion of a non-linear element, the digital-to-analog con- 
verter, in this servo-loop makes the problem of defining errors 
(by measurement, as well as by analysis) even more formidable. 
Of course, the requirement for 0.1% absolute accuracy or better 
under the severe environment presented by a large space vehicle 
introduces many difficulties over those encountered in ground- 
based encoders. 

The "half-split" or "successive-approximgtion" 

It is the intent of this document to record the design approaches 
followed on development contract NAS8-5472. In addition, the 
types of errors anticipated and observed are described, and means 
of eliminating or reducing them are discussed. The unit itself 
is then described, along with an automatic zero and full-scale 
calibration technique. The conclusions and recommendations 
given include easily-realizable improvements to the existing 
design, as well as long-range suggestions. 

-1 - 



2 .o DESIGN APPROACH 

2 . 1  D e s i q n  Goals 

The design approach taken is  best introduced by l i s t i n g  t h e  
design goa ls  set f o r t h  a t  t h e  beginning of t h e  development 
e f f o r t .  The s e v e r a l  compromises involving t h e s e  goa l s  w i l l  
t hen  be considered.  

1. Number of B i t s :  10 

2.  Conversion Speed: 22  kc w o r d  rate ;ii ifnimum 

3 .  Accuracy : 0 .OS% absolu te  (exclud&ng 

4. Input  Level: 0 t o  +5 v o l t s  

quant iz ing  e r r o r ) ,  -20 C t o  +85OC 

5. Input  Impedance: 1 megohm minimum 

6.  Outputs: P a r a l l e l  only,  s t o r e d  u n t i l  next  
w o r d  

7. Environment for  0 -05% accuracy: 

A .  Temperature : -2OOC t o  +85OC 

B.  Humidity: 95% @ 5OoC 

C .  Vibration: 20g, 20 t o  2,000 cps 

D. Shock: lOOg, 11 mill isec 

E. Acceleration: +70g - 

F. Alt i tude:  Deep Space 

8. Power: + 2 8  + 4 . 2 ~  dc  with 3v peak-to-peak - 
random no i se  superimposed, 8 wa t t s ,  
i s o l a t e d  supply 

9.  R e l i a b i l i t y :  10,000 hours MTBF 

-2 - 
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10.  Construction: P r in t ed  boards f o r  analog 
and special-purpose l o g i c  
c i r c u i t s :  welded modules 
f o r  redundant l o g i c  c i r c u i t s  

The 10-b i t  c a p a b i l i t y  was des i red  t o  provide a highly-accurate  
means of  eva lua t ing  the readiness  of  t he  v e h i c l e ’ s  measuring 
system i t s e l f ,  during prelaulnch checkout. It r ep resen t s  a 4 : l  
reduct ion  i n  peak quant iz ing error over t h a t  of more commonly 
used 8-bit encoders.  A 2 $ b i t  quant iz ing  error is about 2 0.05% 
f o r  a 10-b i t  encoder, and makes a n e g l i g i b l e  c o n t r i b u t i o n  t o  sys- 
t e m  error, so a d d i t i o n a l  bits  could ha rd ly  be j u s t i f i e d  consider- 

countered i n  matching the 1 0 - b i t  c a p a b i l i t y  w i t h  $ 0.05% peak 
analog e r r o r  a r e  severe  indeed. 

ing tl.e data ~ ~ p a ~ i * J  +--A rrcc F---J-Ln---.” LLUU2UIL. I UL L l l ~ L l l l V L  e,  the r;r&lems err- 

The conversion speed was chosen t o  a l low use  of the ADC a t  
system word r a t e s  a s  high a s  14.4 kc. Asynchronous ope ra t ion  
and s t o r e d  p a r a l l e l  readout w e r e  requi red  t o  a l low simple i n t e r -  
l a c e  of ADC words w i t h  o ther  d i g i t a l  words i n  p a r a l l e l  form 
(guidance computer, r ada r  a l t i m e t e r ,  synchronizat ion p a t t e r n s ,  
e t c . ) .  An analog accuracy of 2 0.05% (due t o  d r i f t ,  n o i s e  and 
ADC dynamic e r r o r s )  would allow ADC e r r o r  t o  be neglected during 
d a t a  reduct ion .  

The environment i s  t h a t  an t i c ipa t ed  i n  l a r g e  space v e h i c l e s .  
r e l i a b i l i t y  goa l  of 10,000 hours MTBF i s  a 25% improvement over 
t h a t  of a previous ADC des ign .  
was chosen t o  reduce the  phys ica l  s i z e  and improve r e l i a b i l i t y  of 
l o g i c  c i r c u i t s  w h i l e  leaving analog c i r c u i t s  r e p a i r a b l e .  
it was a n t i c i p a t e d  t h a t  some temperature  compensation of c r i t i c a l  
analog c i r c u i t s  would be required during manufacture. 

The 

The hybrid cons t ruc t ion  approach 

Also, 

Of a l l  des ign  goa l s ,  r e l i a b i l i t y  was given g r e a t e s t  emphasis. 
(Accuracy r an  a c l o s e  second.) Redundancy techniques w e r e  no t  
considered for t h i s  appl ica t ion  because of  t he  s a c r i f i c e  i n  accuracy, 
o r  s i m p l i c i t y ,  o r  bo th .  Ins tead ,  a l l  c i r c u i t r y  was kept a s  simple 
a s  p o s s i b l e  t o  reduce the t o t a l  component count i n  the ADC. Also, 
worst-case des ign  techniques w e r e  followed i n  l o g i c  c i r c u i t s .  A l l  
components w e r e  power-or-voltage dera ted  a s  much a s  possible. 
F i n a l l y ,  temperature t e s t i n g  15OC above and below t h e  ope ra t ing  
extremes of -2OOC and +85OC w a s  accomplished t o  ”de-bug” t h e  
des ign .  

-3- 
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2 . 2  Desiqn Tradeoffs  

The most b a s i c  design t radeoff  i n  a successive-approximation 
ADC i s  t h a t  of speed vs accuracy. This t r a d e o f f  a r i s e s  be- 
cause of l i m i t e d  response i n  the  comparator ampl i f i e r  and 
r e fe rence  supply,  and i t s  e f f e c t  on Yne accuracy w i t h  w h i c h  
dec i s ions  on i n d i v i d u a l  b i t s  a r e  made. The s i t u a t i o n  i s  
f u r t h e r  complicated by t h e  l o w  power requirement,  s i n c e  low 
power consumption r e s u l t s  i n  high impedance l e v e l s ,  which i n  
t u r n  r e s u l t  i n  poor response. me d e s i r e d  cocversion speed 
(sample r a t e )  of 22 kc places  the  ADC w e l l  w i th in  the "high 
speed" category (1 kc t o  1 0 0  kc  conversion r a t e ) ,  b u t  s e v e r a l  
qround based ADC's bet ter  t h i s  somewhat. That is, the re- 
quirement appears t o  be w e l l  w i th in  the s t a t e -o f - the -a r t .  
However, var ious  p a r a l l e l  dec is ion  techniques and low-impedance 
l e v e l  ope ra t ion  a r e  employed t o  overcome the comparator response 
problem i n  ground based ADC's and these approaches a;e g e n e r a l l y  
undes i rab le  f o r  a h i g h - r e l i a b i l i t y  design because of t h e  addi t ion-  
a l  c i r c u i t r y  requi red .  For example, a t  l e a s t  one a d d i t i o n a l  
comparator a m p l i f i e r  would be requi red  t o  implement the p a r a l l e l  
technique.  Low-impedance comparator ope ra t ion  improves response 
b u t  r e q u i r e s  an inpu t  bu f fe r  a m p l i f i e r  t o  achieve h igh  i n p u t  
impedance. The i npu t  bu f fe r  would be another  source of d r i f t  
and no i se ,  would reduce t h e  ADC r e l i a b i l i t y  somewhat, and would 
i n c r e a s e  power consumption. 

Allother s o l u t i o n  t o  the comparator response problem e x i s t s .  
Previous ADC des igns  have f a i l e d  t o  f u l l y  t a k e  account of  t h e  
amplitude dependence on the  accuracy of i n d i v i d u a l  b i t  dec i s ions  
i n  a d d i t i o n  t o  the response dependence. This is  a very simple 
idea  w h i c h  i s  best explained by  example. The most s i g n i f i c a n t  
b i t  of a h a l f - s p l i t  ADC has  a weight of  2'/21° = 512/1024, or a 
50% ef fec t  on the f i n a l  output code. The l e a s t  s i g n i f i c a n t  b i t  
h a s  a w e i g h t  of only 2O/2lo -= 1/1024, o r  only about a 0.1% effect  
on the code. It i s  obvious khat  any e r r o r  source a f f e c t i n g  the  
d e c i s i o n  accuracy would have a much more d r a s t i c  effect on t h e  
output  code when appl ied  t o  t h e  m o s t  s i g n i f i c a n t  b i t  than  when 
appl ied  t o  t h e  l e a s t  s i g n i f i c a n t  b i t .  
would produce a 512 t i m e s  g r e a t e r  e r r o r  f o r  the MSB than  f o r  t he  
LSB. (This i s  the reason ladder network r e s i s t o r s  must be most 
p r e c i s e  i n  the most s i g n i f i c a n t  b i ts  .) 

I n  f a c t ,  the same inaccuracy 

Now, suppose one can design the comparator a m p l i f i e r  wi th  a 
response independent of t h e  inpu t  s i g n a l  amplitude (e.g., does 

-4 - 
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not  s a t u r a t e  f o r  s i g n a l s  of any anp l i tude ,  s i n c e  s a t u r a t i o n  
causes  t r a n s i s t o r  charge s to rage  e f f e c t s  t o  have a dominant 
e f f e c t  on ampl i f i e r  response) .  
recovery t i m e  f o r  a s t e p  funct ion such a s  generated by t h e  
d-a conver te r  i s  a cons t an t ,  independent of t h e  b i t  p o s i t i o n .  
With t h i s  condi t ion  it should be p o s s i b l e  t o  p r e d i c t  e r r o r s  
very accu ra t e ly ,  knowing only t h e  comparator response and ADC 
bit r a t e .  More irnDortant, i f  ADC b i t  r a t e  can be made v a r i a b l e ,  
t k  should b e  p o s s i b l e  t o  t a i l o r  b i t  s e t t l i n q  t i m e s  t o  comparator 
response ir; order  t o  maximize t h e  equiva len t  input  accuracy 
with which each b i t  dec i s ion  is made. 

Then comparator r ise  t i m e  o r  

The use  of an asynchronous sequenciiig techniqze  makes it 
p o s s i b l e  t o  provide s e t t l i n g  t i m e s  of any necessary d u r a t i o n ,  
b u t  l imi t ed  i n  r e s o l u t i o n  by t h e  ADC c lock p u l s e  spacing.  The 
development e f f o r t  culminating i n  t h e  ADC-4 d e l i b e r a t e l y  exp lo i t ed  
t h i s  technique,  r e f e r r e d  t o  a s  "variable-speed encoding", a s  a 
s o l u t i o n  t o  t h e  comparator response problem. 

The advantage of v a r i a b l e  speed encoding can be seen e a s i l y .  
Suppose, f o r  example, t h a t  a s e t t l i n g  t i m e  of a t  l e a s t  6 psec 
i s  needed f o r  a 10 -b i t  A D C ' s  most s i g n i f i c a n t  b i t .  Then, a s  i s  
customary, o t h e r  b i t s  would a l s o  be allowed 6 ysec .  I n  t h i s  
c a s e  t h e  t o t a l  encoding t i m e  would be 60 psec (neg lec t ing  de lays ,  
e tc . )  . However, a s  w i l l  b e  shown, it i s  poss ib l e  t o  r e a l i z e  
comparable performance using b i t  s e t t l i n g  t i m e s  of  6 ,6 ,4 ,4 ,4 ,  
4 , 4 , 2 , 2 , 2  psec f o r  t h e  2' t'nrouqh 2' b i t s ,  r e s p e c t i v e l y .  The 
t o t a l  encoding t i m e  for  t h i s  ca se  i s  only 38 psec.  The former 
ADC would be l i . . , i ted t o  conversion r a t e s  approaching 1 7  kc ,  
while  t h e  l a t t e r  one could encode a t  26 kc with equal  accuracy. 
The two A D C ' s  d i f f e r  only i n  t h e i r  sequencing c i r c u i t r y .  
l a t t e r  r e q u i r e s  one a d d i t i o n a l  f l i p - f l o p  i n  t h e  2:l counter  
s t r i n g  used, and a rearrangement of mat r ix  diodes t o  d e t e c t  t h e  
proper  count condi t ions .  Except f a r  t h e  a d d i t i o n a l  f l i p - f l o p  
and 10  mat r ix  diodes,  t h e  l a t t e r  method has  no g r e a t e r  component 
count.  I ts  r e l i a b i l i t y  i s  t h e r e f o r e  reduced only s l i g h t l y ,  much 
less than  would r e s u l t  from use  of  p a r a l l e l  encoding techniques 
o r  an inpu t  b u f f e r  ampl i f ie r .  Of course,  variable-speed encoding 
can be employed only w i t h  asynchronous, p a r a l l e l - s t o r a g e  A D C ' s  
which i s  an inhe ren t  l i m i t a t i o n .  

The 

The s e t t l i n g  t i m e  requi red  f o r  each b i t  can be very p r e c i s e l y  
p red ic t ed  by a simple c a l c u l a t i o n .  Comparator response,  ADC 

-5 - 
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c lock  r a t e ,  and t h e  number of counter  s t a g e s  i n  t h e  ADC 
sequencer must a l s o  be known, or be a r b i t r a r y .  It i s  u s e f u l  
t o  d e r i v e  t h e  r e l a t i o n s h i p  between s i n e  wave response and s t e p  
response f o r  an RC low-pass network. I ts  3 db p o i n t  i s  

f3db = I 

Solving t h e  above r e l a t i o n s h i p  f o r  t h e  RC product ,  

This r e l a t e s  t'ne s i n e  wave period a t  t h e  3 db p o i n t  t o  t h e  RC 
t i m e  cons tan t  ( r ise  t i m e  t o  63% of  f i n a l  v a l u e ) .  Since a l i n e a r  
ampl i f i e r  approximates t h e  ro l l -of f  c h a r a c t e r i s t i c s  of a lumped 
RC network, Yilis r e l a t i o n s h i p  can be used t o  c a l c u l a t e  t h e  
s e t t l i n g  t i m e  of  an ampl i f ie r  whose s i n e  wave response i s  known. 
This i s  a convenient procedure t o  fol low because s i n e  wave ampli- 
t udes  a r e  much more e a s i l y  measured than  2 u l s e  rise o r  f a l l  t i m e s  

Table I a  t a b u l a t e s  ca lcu la ted  values  of  s e t t l i n g  t i m e  e r r o r s  
vs  s e t t l i n g  t i m e s  of  2 ,  4 ,  6 ,  and 8 psec. H e r e  the comparator 
3 db p o i n t  i s  160 kc ,  so 

Q 1 bsec 1 RC 2: .16 x 
.16x106 - 

"Arbi t ra ry  s e t t l i n g  t imes"  given i n  Table Ib a r e  determined by 
p l ac ing  a l i m i t  of .OS% or, t h e  " e r r o r  r e f e r r e d  t o  t h e  inpu t "  
due t o  any one b i t .  
procedure.  

Errors a r e  determined by t h e  following 

1. Select an a r b i t r a r y  s e t t l i n g  t i m e  f o r  t h e  
b i t  i n  quest ion 

2 .  U s e  t h e  corresponding (E/Ef)  x 100% from Table 
I a ,  t ak ing  the product of t h i s  and t h e  b i t  
c o n t r i b u t i o n  a t  t h e  inpu t  a s  t h e  e r r o r  

3. I f  t h e  r e s u l t  exceeds the e r r o r  c r i t e r i o n  (0.05%) 
choose t h e  next longer s e t t l i n g  t i m e .  I f  t h e  
r e s u l t  i s  much less t han  t h e  e r r o r  c r i t e r i o n ,  re- 
c a l c u l a t e  it us ing  t h e  next  s h o r t e r  s e t t l i n g  t i m e  
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Table I was c a l c u l a t e d  around a prel iminary comparator des ign  
having a 160  kc bandwidth. 
a 0.01% ..iaximum error c r i t e r i o n ,  on t h e  assumption t h a t  the  
bandwidth could be improved to 300 kc, and 300 kc comparator 
response was adopted a s  a design goa l .  Data on t h e  completed 
ADC design,  us ing  s e t t l i n g  t i m e s  from Table 11, shows t h a t  
t h e  2 b i t  i s  indeed a worst-case f o r  t h e  ADC. The 27 b i t  
appears t o  be a c l o s e  runner-up, although t h e s e  minute e r r o r s  
a r e  d i f f i c u l t  t o  observe.  
come apprec iab le  ak higher ADC c lock r a t e s ,  however, which 
experimental ly  s u b s t a n t i a t e s  the c a l c u l a t i o n s .  

Table I1 was then  c a l c u l a t e d  us ing  

2 

Errors involving 2 2  and 27 bi t s  be- 

It should be r e i t e r a t e d  t h a t  t h i s  a n a l y s i s  will b e  most f r u i t -  
f u l  only when t h e  comparator a m p l i f i e r  h a s  a response t h a t  does 
not  worsen f o r  large-amplitude s i g n a l s .  A s  i s  discussed i n  t h e  
equipment d e s c r i p t i o n  sec t ion ,  t h e  r e s u l t i n g  comparator des ign  
a l s o  enjoys very low d r i f t  (about 10 pvolts/OC, -20°E t o  + 8 5 O C ) ,  
h igh  inpu t  impedance (10 megohms) and extreme s i m p l i c i t y .  

-7 - 



3 .O ERROR ANALYSIS 

The amount of p r e c i s i o n  reqGii-sd from a 1 0 - b i t  ADC demands 
a c l o s e  a n a l y s i s  of e r r o r s  r e s u l t i n g  from bo th  i t s  s t a t i c  and 
dynamic behavior .  This  s ec t ion  i s  devoted t o  a descr j -pt ion 
of e r r o r s  most commonly encountered i n  successive-approximation 
A D C ’ s  and sugges ts  means f o r  reducing o r  e l imina t ing  such e r r o r s .  
Also; e r r o r  terminologies  evolving from t h i s  and previous  work 
a r e  introduced and explained. 

Er rors  f a l l  i n t o  two broad ca t agor i e s - - s t a t i c  and dynamic. 
S t a t i c  e r r o r s  a r e  conveniently def ined a s  t h o s e  which a r e  
e s s e n t i a l l y  independent of  encoding speed. 
o f f s e t  and ga in  d r i f t s ,  n o n - l i n e a r i t i e s ,  and comparator hys t e r -  
esis. Dynamic e r r o r s  a r e  those heav i ly  dependent on encoding 
speed, such a s  a r e  due t o  comparator response,  l adder  network 
r ing ing ,  and r e fe rence  supply t r ans i en t - load  response. Amplifier 
random no i se  i s  a l s o  regarded a s  a dynamic e r r o r .  

Examples-are 

It  i s  necessary t o  t h i n k  of ADC e r r o r s  i n  t e r m s  of t h e i r  
sources ,  i n  order  t o  diagnose a design de f i c i ency  o r  t roub le -  
shoot  a manufactured u n i t ,  i n  s p i t e  of t h e  d i f f i c u l t y  of  i n t e r -  
p r e t i n g  the erroneous d i g i t a l  code i n  t e r m s  of i t s  analog source.  
h e  convention t h a t  should be followed i s  t h a t  t h e  output  code 
be made t h e  independent va r i ab le .  
analog input  vo l t age  u n t i l  t h e  exact  center of  t h e  switching 
reg ion  between two adjacent  cede condi t ions  occurs ,  and re- 
cording t h e  corresponding analog inpu t ,  which i s  then  dependent. 
An example of t h i s  i s  shown i n  Figure l a  a s  a s e r i a l  PCM d a t a  
t r a i n  ( s e r i a l i z e d  ADC output) whose p r o b a b i l i t y  of  occupying 
code condi t ion  llOOilOOGl is  equal  t o  t h a t  of occupying code 
condi t ion  1100110000 a t  any i n s t a n t .  

This i s  done by a d j u s t i n g  t h e  

This procedure e l imina te s  the - 3. % b i t  ambiguity due t o  t h e  
quant iz ing  e f f e c t  which would e x i s t  i f  t h e  output  code w e r e  
t aken  a s  t h e  dependent va r i ab ie .  That i s ,  un le s s  ADC e r r o r s  
a r e  l a r g e  cor.-?ared t o  quant iz ing e r r o r ,  a l lowing t h e  output  
code t o  be a dependent va r i ab le  makes it impossible t o  completely 
d i s t i n g u i s h  analog e r r o r s  from quant iz ing  e r r o r .  “he convention 
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. i s  q u i t e  reasonable  i n  l i g h t  of t h e  f a c t  t h a t  the ADC i s  
now the  measured r a t h e r  than  the measurinq instrument .  
assumes only t h a t  a l l  no ise ,  w h i c h  modulates the output  code 
between two cond i t ions ,  is  s t r i c t l y  random, so t h a t  i t s  effect  
i s  independent of t h e  p a r t i c u l a r  code condi t ion ,  a d  t h i s  is 
a very workable assumption i n  p r a c t i c e .  

It 

Now, i f  the  next  lower switching p o i n t  is  obtained (F igure  lb) 
and i t s  corresponding analog inpu t  vo l t age  a l s o  recorded, the 
d i f f e r e n c e  v o l t a g e  between a and b is  an accu ra t e  i n d i c a t i o n  
of t h e  A D C ' s  dynamic behavior a t  t h i s  p o i n t  i n  i t s  range. 
example, t h e  ADC-4 may be adjusted a t  zero and f u l l  s c a l e  so 
t h a t  each code increment e q u a i s  exac t ly  5 .2  m i l l i v z l t s  f o r  a 
5 v o l t  input  range. I f  t h e  d i f f e r e n c e  vo l t age  measured above 
i s  5.5 mv, say,  a dynamic e r ro r  of 0.5 mv e x i s t s  between these 
switching points .  A t e r m  descr ib ing  t h i s  cond i t ion  h a s  been 
coined : "non-symmetry" . 
e r r o r s  of t h i s  t ype  usua l ly  occur a t  switching p o i n t s  ad jacent  
t o  the more s i g n i f i c a n t  b i t s  of the ADC and the  switching p o i n t  
on the oppos i te  s ide o f  the more s i g n i f i c a n t  b i t  (Figure IC) i s  
t y p i c a l l y ,  say,  4.5 rnv from it. In  o t h e r  words, t h e  more s i g n i -  
f i c a n t  b i t  i s  no t  symmetrically loca ted  between ad jacent  switch- 
ing  p o i n t s  above and below it. Data taken  a t  s e v e r a l  code con- 
d i t i o n s  involv ing  some of t h e  same b i t s  f r equen t ly  r e v e a l s  a 
non-symmetry p a t t e r n  w h i c h  can i n f e r  inadequate  comparator 
response,  s h o r t  s e t t l i n g  t i m e  f o r  a p a r t i c u l a r  b i t ,  o r  the 
presence of synchronous noise  a f f e c t i n g  only p a r t i c u l a r  codes. 
This  is, therefore, a usefu l  concept f o r  d i a g n o s t i c  work. 

For 

This t e r m  i s  used because t he  l a r g e s t  

A worst-case non-symmetry condi t ion i s  one so extreme t h a t  
a code cond i t ion  i s  completely omit ted.  This i s  referred t o  
a s  a "non-progression", and t h i s  term evolved from th ink ing  
of  an encoder a s  a device  producing a binary-counting progress ion  
when a ramp vo l t age  is  applied.  Figure Id i s  another  way of  
i l l u s t r a t i n g  these condi t ions.  The lef t -most  t r a c e  r e p r e s e n t s  
a s lowly-increasing ramp vol tage appl ied  a s  an analog inpu t  t o  
t h e  ADC. The f i r s t  waveform t o  t h e  r i g h t  i s  t h e  uniformly- 
spaced s t a i r c a s e  w h i c h  would r e s u l t  from an ADC having good 
switching symmetry. The second waveform i n d i c a t e s  a non-symmetry 
condi t ion .  The right-most staircase waveform i l l u s t r a t e s  a b i n a r y  
non-progression. 
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3.2  Error Diaqnosis 

Non-symmetrical or non-progressive code cond i t ions  may r e s u l t  
from a v a r i e t y  of ADC errors, such as i n c o r r e c t  ladder  ne t -  
work weighting, abnormal d-a s w i t c h  t r a n s i s t o r  o f f s e t  v o l t a g e  
or s a t u r a t i o n  r e s i s t a n c e ,  inadequate s e t t l i n g  t i m e ,  inadequate  
r e fe rence  supply t rans ien t - load  response,  poor comparator re- 
sponse, l adder  network r inging,  or synchronous n o i s e  on t h e  
analog inpu t .  
a s  a symptom, t h e  e r r o r  source can be i s o l a t e d .  
such a s  ladder  o r  s w i t c h  t r a n s i s t o r  weighting y i l l  remain un- 
changed if t h e  ADC c lock  r a t e  i s  reduced. 
t h e n  be i s o l a t e p  us ing  dc  measuring techniques.  
e r r o r  t ypes  mentioned a r e  dynamic i n  n a t u r e  aqd can t h e r e f a r e  
be exaggerated by increas ing  the clock r a t e .  Waveforms wi th in  ' 
t h e  comparator a m p l i f i e r  (within i t s  dynamic range) f r equen t ly  
r e v e a l  s e t t l i n g  t i m e  o r  response problems a s  badly-rounded p u l s e  
edges. 
nous n o i s e  s h o w  up a s  "spiking" o r  "overshoot" i n  comparator wave- 
forms. 
whether t h e  degraded comparator waveform coinc ides  i n  t i m e  or  
waveshape w i t h  waveforms a t  the analog inpu t ,  r e f e rence  supply,  
or ladder  network. 
t he  independent v a r i a b l e  i s  a l s o  u s e f u l  f o r  ob ta in ing  temper- 
a t u r e  d r i f t  d a t a ,  s i n c e  it removes the effects of no i se  and 
quant iz ing .  I n  t h e  case of  the ADC-4, temperature  d r i f t s  a r e  
confined e n t i r e l y  t o  t h e  comparator, r e f e rence  supply,  and d-a 
conver te r .  
d r i f t  a t  zero  s c a l e .  
d r i f t  i s  also r e f l e c t e d  e n t i r e l y  a s  an ADC o f f s e t  s h i f t .  This 
can be understood by r e a l i z i n g  t h a t  s i n c e  the ADC's servo-loop 

i n p u t  r eqa rd le s s  of i npu t  vo l t aqe , ,  changing i t s  ga in  a f f e c t s  a l l  
p o i n t s  over  i t s  inpu t  range equa l ly  (by r a i s i n g  o r  lowering t h e  
decis ion-threshold vo l t age  a t  i t s  o u t p u t ) ,  and such an e f f e c t  
i s  s t r i c t l y  an ope ra t ing  poin t  o r  o f f s e t  s h i f t .  

Once non-symmetry or non-progresgion i s  recognized 
S t a t i c  errars 

These errors can 
The o t h e r  

Poor r e fe rence  supply recovery,  ladder  r ing ing ,  o r  synchro- 

F i n a l l y ,  t h e s e  e r r o r  sources  can be pinpointed by not ing  

The prac- t ice  of using the  output  code a s  

Comparator o f f s e t  d r i f t  c o n s t i t u t e s  most of t he  ADC 
It i s  i n t e r e s t i n g  t h a t  comparator qa in  

. opera t ion  r e s u l t s  i n  a f i n a l  n u l l  condi t ion  a t  t h e  comparator 

ADC g a i n  d r i f t s  are due e n t i r e l y  t o  r e fe rence  supply d r i f t  o r  
d-a conver te r  d r i f t s .  
n e g l i g i b l e  f u l l - s c a l e  d r i f t s .  
i n  the d-a conver te r  also con t r ibu te  very smal l  zero  and f u l l -  
scale d r i f t s ,  but the f u l l - s c a l e  d r i f t  i s  n o t  e n t i r e l y  n e g l i g i b l e  

ADC-4 l adde r  network r e s i s t o r s  cause 
The t r a n s i s t o r  s w i t c h e s  used 

P 
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and i s  compensated a s  described i n  s e c t i o n  4.0.  The reference  
supply may be monitored by a p rec i s ion  dc vol tmeter  t o  i s o l a t e  
i t s  con t r ibu t ion  t o  ADC ga in  d r i f t .  The unexplained ga in  d r i f t  
(due t o  d-a s w i t c h  t r ans i s to r s )  and ADC o f f s e t  d r i f t  (due t o  t h e  
comparator) can then be infer red  even though the ac  waveform 
generated wi th in  the d-a converter-comparator loop cannot be 
p r e c i s e l y  measured except by another ,  higher-speed ADC. 

3 . 3  System Noise Measurement 

O n e  a d d i t i o n a l  means of descr ibing e r r o r s  has  proven u s e f u l .  
Even though as mentioned be fo re ,  the  output  code can be ad jus t -  
ed t o  e l iminatd t h e  e f f e c t s  o f  random noise, a very accura te  
measurement of peak noise  can be obtained d i r e b t l y  from the  out- 
p u t  code. 
and recording the analog i n p u t  vo l tage  required t o  p l ace  the 
output  code a t  the lower edge, say,  of the  region over w h i c h  
switching i s  obtained.  The "lower edge" is w h e r e  only r a r e  
" f lash ing" ,  due t o  no i se  peaks, r e t u r n s  t h e  output  code t o  the 
h igher  code of t h e  two. "he analog input  i s  s i m i l a r l y  recorded 
f o r  t h e  upper edge of t h e  region. The d i f f e r e n c e  vol tage  i s  then  
an accura te  measurement of the expanse of the region over w h i c h  
switching occurs ,  and t h i s  is a p t l y  referred t o  a s  t h e  "uncertain-  
t y  band" of the ADC. It is  a very good measure of the peak equiva- 
l e n t  input  no i se  s i n c e  it includes no i se  of any o r i g i n .  

This technique involves choosing any switching p o i n t  

T h e  reg ion  between switching p o i n t s  f o r  w h i c h  only one code 
condi t ion  ob ta ins ,  is  ca l led  the " c e r t a i n t y  band" . Obviously, 
a good des ign  should have a much l a r g e r  c e r t a i n t y  band than  un- 
c e r t a i n t y  band f o r  a l l  code condi t ions ,  and t h i s  i s  the case  f o r  
t h e  ADC-4. 

? 
I 

-11- 



I '  
11 4 .O EQUIPMENT DESCRIPTION 

Figure 2 d e p i c t s  a t y p i c a l  a i rborne PCI- system employing t h e  
asynchronous ADC. The PAM mult iplexer  f u r n i s h e s  t i m e  d i v i s i o n  
analog d a t a  t o  t h e  ADC. The programmer a p p l i e s  a s t a r t  command 
f o r  each s e r i a l  d a t a  word t o  be encoded, and t h e  d i g i t a l  mult i -  
p lexer  and s e r i a l i z e r  i n t e r l a c e s  ADC words wi th  d i g i t a l  words 
from o t h e r  sources ,  then  generates  a s e r i a l  PCM d a t a  t r a i n .  I t  
should be noted t h a t  only a s i n g l e  pu l se  (encode s t a r t )  is  
requi red  t o  synchronize the ADC wi th  t h e  remaining equipment. 

4 . 1  Losic Operation 

The ADC-4 is  shown i n  block diagram i n  Figure 3 .  Figure 4 i s  
a t iming diagram f o r  t h e  u n i t .  The ope ra t ion  of the AD2 i s  a s  
fo l lows .  The encoding cyc le  is  i n i t i a t e d  by t h e  encoae-s ta r t  
pu l se ,  which sets t h e  c o n t r o l  f l i p - f l o p  enabl ing  t h e  ADC clock 
o s c i l l a t o r .  A t  t h e  same time, a common reset  pu l se  resets a l l  
register switches (switch t r a n s i s t o r s  and s to rage  register)  t o  
an all-ZERO ' s cond i t ion .  
been reset ,  a t  t h e  terminat ion of t h e  previous encoding cyc le . )  
The f i r s t  c lock  pu l se  advances the  counters  t o  a detected s t a t e  
which produces an ou tpu t  on t h e  2' mat r ix  ou tpu t  l i n e .  
blanking pulse  i s  employed to  remove unwanted "s l ivers"  a t  t h e  
mat r ix  ou tpu t s  due t o  counter propagation de lay .  
pu l se  so generated i s  s teered  through t h e  set-reset l o g i c  and 
sets t h e  most -s igni f icant  r e g i s t e r  switch.  This  r e s u l t s  i n  a 
d-a conver te r  ou tput  vol tage of e x a c t l y  2.5000 v o l t s  a t  t h e  
comparator i npu t  d i v i d e r .  I f  t h e  analog i n p u t  vo l t age  exceeds 
2.5000 v o l t s  by a s  much a s  .00025 v o l t s ,  t h e  comparator output  
d i s a b l e s  t h e  AND g a t e  which a p p l i e s  an i n d i v i d u a l  reset  command 
t o  t h e  set-reset log ic ,  and t h e  2' b i t  i s  r e t a i n e d .  

However, i f  t h e  inpu t  is s l i g h t l y  less than  2.5000 v o l t s ,  t h e  
AND g a t e  is  enabled and the reset ape r tu re  pu l se ,  which l i m i t s  
t h e  dec i s ion  t i m e  t o  0.25 psec and p l aces  t h e  dec i s ion  a t  t h e  
end of t h e  b i t  t o  a l low maximum s e t t l i n g  t i m e ,  i s  appl ied  t o  a 
r e s e t  shaper i n t e r n a l  t o  t h e  set-reset l o  i c .  The reset  shaper 
then  genera tes  a pu l se  which resets t h e  2' r e g i s t e r  switch.  
( In te rmedia te  reset  ape r tu re  p u l s e s  a r e  ignored because t h e  
reset shaper is  d i sab led  u n t i l  t h e  2* mat r ix  output  appears . )  
Th i s  i s  t h e  bi t -by-bi t  dec is ion  mechanism requi red  f o r  success ive ly  
approximating the analog input .  The process  cont inues ,  w i t h  each 
r e t a i n e d  b i t  adding i ts  con t r ibu t ion  t o  t h e  d-a conver te r  ou tput ,  

(The sequencer coun te r s  have previous ly  

A mat r ix  

The 2' mat r ix  
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u n t i l  t h e  2' b i t  has  been decided. 

2' reset  pu l se  which a lso resets  t h e  c o n t r o l  f l i p - f l o p  and 
sequence r  counters  i n  prepara t ion  for t h e  next  encode-s ta r t  
p u l s e .  O f  course t h e  completed b inary  output  is a v a i l a b l e  a t  
t h e  t i m e  of t h e  26 dec i s ion  and u n t i l  t h e  fol lowing encode cyc le  
begins .  

A t  t h e  i n s t a n t  a dec i s ion  
i s  reached on t h e  2 0 b i t ,  t h e  encoding cyc le  i s  stopped by t h e  

The set-reset l o g i c  scheme employed i s  one which al lows c l o s e  
t o  the maximum possible s e t t l i n g  t i m e  for each b i t  and i s  an 
important f e a t u r e  because b i t  s e t t l i n g  t i m e  is a premium q u a n t i t y  
h e r e .  
i s  t h e  p o s s i b i l i t y  of a given dec i s ion  being inf luenced by 
i n c o r r e c t  comparator ou tpu t  due t o  t h e  presence( o f  t h e  fol lowing 
b i t ,  which is used t o  enable t h e  reset  shaper f o r  t h e  b i t  being 
cons idered .  I n  o the r  words, i f  t h e  reset  ape r tu re  pu l se  s u f f i -  
c i e n t l y  over laps  t h e  lead ing  edge of  a subsequent b i t ;  t h e  
c o r r e c t  dec i s ion  may be erroneously reversed due t o  t h e  presence 
of t h e  subsequent b i t  a t  t h e  comparator ou tpu t ,  which i s  appl ied 
t o  t h e  reset  shaper f o r  t h e  dura t ion  of t h e  reset  a p e r t u r e  t i m e .  
This  s i t u a t i o n  was circumvented e n t i r e l y  by designing r e g i s t e r  
switch s t a g e s  t o  have a s e t  delay of about 0 .5  ksec and a reset  
de l ay  of less than  0 .2  psec ( n o t e t h e  t iming diagram).  The r e s u l t  
i s  t h a t  a " s a f e t y  zone" of about 0 . 2  Wsec e x i s t s  between t h e  
reset  ape r tu re  pu l se  t r a i l i n g  edge and t h e  lead ing  edge of t h e  
subsequent b i t .  
so  guarantees  complete freedom from any interference between b i t s .  

A disadvantage of th i s  scheme, when impr4perly implemented, 
ar; 

This  i s  c o n s i s t e n t  over t h e  temperature range, 

4 . 2  D-A Converter 

The p r e c i s i o n  reference supply was designed t o  f u r n i s h  +15 v o l t s  
t o  t h e  r e g i s t e r  swi tches .  The choice of a reference vol tage  
t h r e e  t i m e s  t h e  f u l l  s c a l e  input amplitude of 5 v o l t s  was based 
on t h e  following important cons ide ra t ions .  T r a n s i s t o r  switches 
considered and evaluated all had undesirably high s a t u r a t i o n  
r e s i s t a n c e  (RSAT) i n  t h e  inverted connection a t  t h e  emitter 
c u r r e n t  needed f o r  high-speed ope ra t ion .  For example, a chopper 
ve r s ion  (2N2185) of t h e  2N861 t r a n s i s t o r  s e l e c t e d  a s  a PNP 
switch ( Q l - Q l O ,  Figure 1 4 )  has a t y p i c a l  i nve r t ed  RSAT of about 
30 ohms a t  I, = 2 m a ,  and Ib = 1 ma, while t h e  unselected 2N861 
h a s  a t y p i c a l  RSAT i n  t h e  common-emitter connection of only 8 
ohms a t  t h e  same c u r r e n t s .  Experimental d a t a  taken on four  
o t h e r  t r a n s i s t o r  types  (2N2432, 2N2004, 2N2005, 2N2006) shows 
an average inc rease  of more than 5PL i n  ( inve r t ed )  RSAT with a 
6S0C temperature increase. T h i s  would i n f e r  an RSAT drift i n  
an inve r t ed  PNP t r a n s i s t o r  of about 15 ohms. For t h e  m o s t  

? 
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significant bit, whose ladder resistance is 4K ohms, 
an error of 0.37% or 0.12% referred to the input, which is 
intolerable. The forward-connected (common-emitter) transistor 
would change only about 4 ohms, however, which is a gain error 
of only 0.03% at the ADC input. Because of this, register 
switch transistors are driven in the normal common-emitter 
connection and the +15 volt reference and a 3:l divider network 
at the comparator input effectively reduce the offset voltages 
by 3:l. Of course, these initial offsets are completely removed 
by the ADC offset adjustment and the only concern is that their 
temperature drift should be negligible. In practice, errors due 
to offset drifts of the register switch transistors used are on 
the order of ,OIzp/o or iess. 

\ 

Use of a lower reference voltage and inverted-driven transistors 
has proven to be'much more troublesome in practice. (Considerable 
hand-tailoring of ladder-network resistors on each manufactured 
unit has been required to compensate the large RSAT'S encountered 
in at least one known instance.) And as explained, the problem 
of RSAT change with temperature is more troublesome if the latter 
approach is taken. 

this is 

4.3 Precision Reference Supply 

The +15 volt reference supply employs two dual-chip (differential 
pair) transistors in a straightforward differential amplifier 
design. 
and the other samples the output voltage of the supply. 
difference voltage is amplified in a second differential stage 
and applied as a correction signal to a series regulating tran- 
sistor furnishing up to 100 ma of output current. 
amplifier stage includes a constant-current source to help main- 
tain a correct operating point for the stage. 

A problem common to all high-precision supplies is the precision 
internal reference voltage required. 
used because of the severe environment. 
compensated zener diode appeared to be the most attractive 
solution to the problem. 
indicated that zener diodes with Vz = 9.0 volts are most stable 
but those having adequate stability (about 0.01%, -2OOC to +85OC) 
are available in only small quantities at a high price (about 
$100.00 each). The best readily-available type (Jedec 1N940) 
sells for about $40.00 and has a temperature stability of about 
0.03"/0, which is marginai for this application. However, all of 
the several units of the 1N940 type observed by Dynatronics and 
others exhibit an "inverted-parabola'' temperature drift character- 
istic as shown in Figure 6. 

One input senses the precision internal reference voltage 
The 

The first 

Standard cells cannot be 
A precision temperature- 

An industry survey conducted by Dynatronics 

Because tifis Characteristic is 
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consistent, a thermistor compensation technique (Figure 15, 
R38-R41, VR2) was devised to reduce the zener's temperature 
drift. The R38, R39 combination provides compensation for 
increasing temperatures by increasing the zener current, which 
increases the zener voltage because of the zener's dynamic 
impedance. The R38, R39 network exhibits a much larger effect 
for increasing temperature than decreasing ones because the 
thermistor negative temperature coefficient causes a larger p e ~  - cent change in the parallel combination going hot than going 
co ld .  This is because any conbination (series kr parallel) of 
fixed and variable resistors can produce a non-Tinear effect. 
The series comf;$nation of R40, R41 produces a similar effect 
for decreasing temperatures and has a smaii effect at hig5 
temperature. 

As illustrated by Figure 6, the network can be adjusted (by 
selecting R38 and R40) to closely compensate a normar zener 
characteristic. 
and the small drift being compensated, the compensation is non- 
critical and compensation tailoring to individual zeners is not 
usually required. 

Because of the consistency between zener diodes 

Another problem was that of supply response. 
future use of digital gain calibration required that the 
output be varied by a step-function input at a rate of about 
10 kc, a filter capacitance could not be used at the output. 
Two approaches to the problem were taken. First, the number 
of separate transistors in the feedback amplifier was kept to 
a minimum consistent with the gain needed, in order to minimize 
high-frequency phase shift. Second, capacitors C2 and C3 were 
used to provide high-frequency negative feedback, which prevents 
instability due to high-frequency phase shift. "Speed-up" 
capacitor C4 allows the amplifier to sense and correct for 
transient loads. These precautions were taken to allow use of 
the settling time calculations (Tables I and 11) directly, 
neglecting the effect of supply transient-loading response. A 
recovery time of less than 3 psec from a 60 ma load change and 
less than 0.5 bsec from a 3 ma load change has been achieved, 
which exceeds the requirement. 

Since the possible 
supply 

. .  

The supply features inherent short-circuit protection, and 
automatic reset on removal of short. The measured zero to full 
load (0 to 100 ma) regulation is better than 0.0003%. An overall 
temperature drift of only 0.5 mv referred to the analog input 
has been achieved, so the total contribution of the  supply to ADC 
error is on the order of only 0.005%. 
advances the art so far as accuracy unger these environmental 
conditions is concerned. 

It is felt that this design 

I 
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' 4.4 Comparator 

The comparator amplifier represented the most difficult design 
area because of the need for both wide bandwidth and high input 
impedance. 
modified differential input configuration which offers greatly 
improved response and reduced input bias current as compared to 
the more conventional differential connection. 
the d-a divided output and the other accepts the analog input 
voltage directly. 
common mode rejection achieves an equivalent input error for 0 to 
5.5 volt common mode inputs of less than 0.4 mv (0.004%). A 
second dual-chig transistor provides a second stage of low-drift 
gain. Two cascaded emitter followers provide a single-ended 
output driver. A l l  voltage gain is therefore confined to the two 
differential stages to minimize drift. Neither the differential 
stages nor the emitter followers can be driven into szturation, 

feature provides constant comparator response essentially 
independent of input signal amplitude. 
obtained between the settling time calculations and the observed 
behavior of the unit developed. 

The design employs two dual-chip transistors in a 

One input senses 

A constant-current source employed to improve 

'which is the desirable condition suggested earlier, and this 

Excellent agreement was 

The comparator design goal of f3db = 300 kc has been achieved 
and the open-loop gain-bandwidth product approaches 400 mc. This 
extremely wide bandwidth (for an amplifier having an input imped- 
ance of greater than 10 megohms) was achieved partly by use of 
partially-bypassed emitter degeneration in the first stage (C7 
and R12 of Figure 9). 
from the source of less than 0.5 la, which corresponds to an 
input impedance of more than 10 megohms. An overvoltage pro- 
tection circuit is included at the input, and -6 volts to +20 
volts may be applied without damage or degradation of subsequent 
data. 
which develops an error voltage of 0.5 mv (because of the 0.5 La 
bias current). 
because an increasinq analog input voltage places an arbitrary 
switching point about 0.5 mv away from where it occurs when a 
decreasinq analog input is applied. This hysteresis places a 
lower limit of 0.5 mv on the uncertainty band, but this is at 
least a two-fold improvement over units the author has observed 
before and amounts to only a 0.005% error. The equivalent 
input noise of the comparator is completely negligible. Finally, 
and most important, its measured drift errors are on the order of 
only 1 .O mv (0.01%) over the temperature range. This design is 
also considered to be an advance in the (comparator) amplifier 
art for the application. 

The amplifier draws an input bias current 

The d-a divider has a source impedance of about 1 k ohms 

This gives rise to a very slight hysteresis effect 

? 
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4.5 Power Supply 

The power consumption design goal of 8 watts required that a11 
ADC circuits be given careful attention in order to minimize 
power required, consistent with speed. For example, all flip- 
flops used are welded-module devices needing only about 10 mw 
of power each, but these flip-flops operate reliably over 
temperature in the sequencer counter string with up to 750 kc 
input pulse rates. Other modular logic blocks are similarly 
efficient. Of course, as mentioned earlier, one reason for 
high-impedance operation of comparator and reference supply 
circuits was tq reduce power consumption. 
response and lob pcwr - f infi lm ,,..,,..ption are conflicting parameters , 
the tradeoff re3uired especially careful atten ion for these 
two circuits. 
with 3 volt peak-to-peak random noise be applied to the +28 
volt input power without affectins ADC accuracy also contributed 
to power consumption since the power supply must accommodate 
these input excursions by allowing a voltage-drop safety factor 
across its regulating elements. Also, the ADC is fully isolated 
from input power by means of a bifilar and sector-wound toroidal 
transformer, and transformer losses increase the power consump- 
tion slightly. Although the dc-dc converter operates at a low 
power level (efficiency is typically poor for low power 
operation) and chops at a 5 kc rate (which usually causes pro- 
hibitive transformer losses) to achieve the miniaturization 
required, its overall efficiency is about 73%. The total ADC 
input power i s  about 7 watts. 

Since adequate 

'Phe requirement that a 2 4.2 vo t dc variation I 

The dc-dc converter employs high-voltage stud-mounting silicon 
switching transistors as choppers and has a total idling power 
of less than 1.5 watts. It includes a series high-current 
diode at the input to provide reverse-voltage protection. 
Bridge rectifiers are used to avoiq center-tapped secondaries, 
The basic series regulator design, which is duplicated for all 
three voltages, uses a dual-chip transistor as a differential 
feedback amplifier and a zener reference diode excited by the 
supply output. Short-circuit protection with automatic reset 
on removal of short is provided by this circuit, and internal 
current limiting protects against overloads. Overall tempera- 
ture stability is about 2% and zero to full-load regulation 
approximates 1%. 

Stud mounting transistors are used because of the difficulty 
of reliably dissipating heat In a hard vzc~mrn by any other 
means than conduction. Supply reliability is further enhanced 
by the transistor choice, 2N1769, which has a 40 watt rating 
and is therefore in very conservative service. 
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4.6 Packaqinq 

The overall packaging concept was developed by NASA-MSFC for 
use on their large-scale space vehicles. 

The ADC is contained on eight printed cards, four of which 
contain analog circuits (comparator, register switches, reference 
supply, and power supply). 
circuits containing a total of 15 welded modules, several of 
which contain more than one circuit (timing, sequencer, set-reset 
logic, and res+ and blanking circuits). Analog cards are fully 
printed to permjt adjustment and troubleshooting. 
interconnect welded modules but also contain a few special- 
purpose , one-ofia-kind logic circuits (shapers: etc .) to satisfy 
drive or other requirements. 

The remaining four cirds are logic 

Logic cards 

! 

The external package for which the ADC has been develbped is a 
magnesium casting employing the floated, compression-suspension 
principal to support the printed-circuit cards. 
is used for all types of instrumentation employed by NASA-MSFC 
in flight testing of recent large scale space vehicles. The 
package is very effective in "softening" the environment to 
which the ADC is subjected and contributes considerably to the 
ability of the unit to operate with full accuracy under the 
severe missile environment. 

This package 

A l l  circuitry is silicon solid-state employing the most recent, 
most reliable devices available during the course of the develop- 
ment effort. Welded modules used have been proven in two other 
space applications. Printed cards are gold-plated and, as far 
as.is known, are subjected to the most stringent manufacturing 
and inspection requirements of the missile/space industry. 
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5 .O 

5.1 

ZERO AND GAIN CALIBRATION RECOMMENDATION 

General 

The zero and gain calibration approach described below is an 
outgrowth of two previous schemes, combining the better features 
of each (acquisition indication, digital storage, command 
synchronization, and unlimited resolution) and eliminating the 
undesirable features (overrange cycling, "searching ripple", and 
quantizing doubling). 
forming a check on the calibration circuitry by;allowing the ADC 
itself, followSng calibration, to encode the calibration voltage 
for transmissiob. 

The zero and gain calibration timing diagram i 
7. A zero or gain calibration function take 

It has the additional advantage of per- 

F 

in Figure 
during the 

first half of a calibration interval, which is equal .in length 
to an encoding interval. 
is used to verify the calibration by allowing the ADC's six 
lesser significant bits to run through an encoding cycle. 
the correct calibration code is predetermined, the ADC's resulting 
output presents an immediate indication of calibration acquisition 
(or non-acquisition) . 

The remainder of the encoding interval 

Since 

Correction ranges of both zero and gain calibration circuits are 
128 mv. The corrections are available in two steps of 2 mv each 
during one correction interval. 
steps to two per interval allows the calibration to be done in 
one-half a normal encode cycle and also allows the corrections to 
cancel (one plus, then one minus) if the original error was less 
than two millivolts. 
least significant correction, is eliminated in this manner. 

Limiting the number of correction 

Calibration ripple, the "hdnting" of the 

. .  
During the first half of the calibr,ation interval, the calibra- 
tion circuitry is controlled by the gated ADC clock. The Cali- 
bration to encoder loop is closed through the comparator, which 
makes the adjustment decisions in the same manner in which it 
ordinarily makes code decisions. Error is limited to plus or 
minus one-half the least significant correction step and the 
hysteresis error of the comparator (+ 1.5 mv total error due to 
calibration) , 

. .  

5.2 Losic Operation 

-7- llle calibrate cycle is i n i t i a t ed  during the word time just 
previous to the interval used for calibration. 
command is then stored until the normal encode start command 

The calibrate 

1 
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starts the calibration cycle. The initiate logic performs the 
functions of synchronizing the calibrate interval with the normal 
encoder start command and of selecting either zero or gain Cali- 
bration. Referring to the zero and gain calibration logic 
diagram, Figure 8, it can be seen that the initiate logic pro- 
vides selection information to the advance-retard logic, Cali- 
bration code set logic, and the forward-backward counters. The 
matrix blanking and step pulse generator receive a start command 
for calibration of either end point. 
gain calibrate signal and the encode start command, the initiate 
logic commands the matrix blanking, the calibration code set, and 
the counter selection portion of the advance-retard logic such 
that the following conditions exist: (i) the qatrix oi i tpu t  is 
disabled (the ADC sequencer counters are in normal operation); 
(2) the register switches are set to a predetermined condition 
(corresponding to the input analog calibration voltage); ( 3 )  the 
output of the advance-retard logic is gated to the cokesponding 
F-B counter; and (4) the step pulse generator is enabled. 

Upon receiving a zero or 

The step pulse generator contains a matrix to decode three states 
of the ADC counters. The first state is used as the trigger to 
step the F-B counters; the second decoded state provides the 
second F-B counter trigger, and the third state provides a stop 
command for the calibration circuitry. 

The advance-retard logic, commanded by the output of the com- 
parator, gates the first and second step pulse triggers to 
either advance or retard the forward-backward counters. The 
comparator output depends (as in normal operation)’ on whether 
the analog input is greater or smaller than the d-a output. 
For gain calibration, the +15v reference supply is adjusted by 
the gain F-B counter. For zero calibration, the d-a input at 
the comparator is modified by a resistively-summed input from 
the zero F-B counter. 

The F-B counter string is twice stepped, by the step pulse 
triggers and the advance-retard logic, to increase or decrease 
the adjustment voltage up to 4 mv’s in either direction in a 
single calibrate interval. The total correction range is +64 
millivolts. The F-B counters have overrange limiting which 
forces the correction to stay at maximum without recycling if 
the calibration voltage exceeds the range in either direction. 

The third decoded state of the counters is used to reset the six 
least significant register switches and to disabie t h e  cal ibra-  
tion circuitry. The ADC may then encode the calibration voltage 
at the comparator input in a normal maqner, except that only 
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the 25 through 2' bits need to be encoded (the 2' through 2 6 
bits remain set in the correct code condition). Then the 
output code at the end of a calibration interval verifies the 
calibration of the unit to the applied input. 

. .  . ,  
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6 .O 

6.1 

CONCLUSIONS AND RECOMMENDATIONS 

Test Results 

Now that the design guidelines and individual circuit descrip- 
tions have been discussed, it is appropriate to conclude this 
document with a recitation of the important performance char- 
acteristics of the finished unit. The reader is referred, for 
comparison, to the DESIGN APPROACH section which lists all 
design goals of the development program. 

Both NASA-MSFC and Dynatronics employ automatic plotting devices 
which contain a precision d-a converter siaved to the ADC under 
test, a precisipn ramp generator, an error comparator, and a 
graphic recorder, 

The difference between the d-a converter output(which-appears 
as a staircase waveform as in Figure ld) and the ramp generator 
(also shown in Figure 1d)is plotted vs time. The result is a 
sawtooth waveform accurately displaying the quantizing error and 
the ADC's static and dynamic behavior. Figure Sa is a p l o t  of 
an ADC-2 having a non-symmetry condition not easily spotted on 
a "quick-look" type binary display. Figure 5b is a plot of the 
ADC-4. 

Measured accuracy is 0.03% absolute, -2OOC to +85OC, and includes 
errors from all sources at all 1,024 binary code conditions at 
the output. 

The ADC has been operated at conversion rates exceeding 25 kc 
(word rate) over the temperature range, at full accuracy. The 
input impedance exceeds 10 megohms, including input bias current, 
and is virtually independent of the input voltage applied. A 
reliability figure of 12,000 hours 'mean-time-before-failure has 
been obtained following the commonly-accepted component-bit- 
failure rate approach, which assumes that a failure of any single 
component results in a system failure, Comprehensive environ- 
mental testing of the ADC has been successfully accomplished at 
NASA-MSFC . 
It is gratifying that, as the reader will note, every design 
goal of the development effort has been met or exceeded. 

6.2 Recommended Additional Development 

The accuracy-speed-power trade-off was made somewhat in favor of 
accuracy here. A further accuracy impqovement could hardly be 
justified, in view of present transducer accuracies. However, 
the technology developed and employed (variable-speed encoding, 
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wide bandwidth comparator) could be further developed to obtain 
a substantial speed increase at little sacrifice in accuracy. 
Such a speed improvement would probably require development of 
a low-drift single-ended input comparator amplifier having a low 
input impedance and operating at much lower internal impedance 
levels. 
required bandwidth and eliminate the hysteresis effect (which 
would worsen in inverse proportion to input impedance.) Of 
course, a buffer amplifier would then be needed to provide an 
adequately high input impedance. 

Such a design appears necessary in order to obtain the 

Another possibility is that of reducing the ADC power requirement. 
Two approaches warrant consideration. First, dc-dc convzrter 
efficiency might be improved by use of a narrow-hysteresis-loop 
core material ("Supermalloy" , for example) to reduce core losses. 
It may even be possible to eliminate the transformer, employing 
instead charge transfer techniques which can also ach'ieve a 
high degree of isolation at higher efficiencies (perhaps 90%). 
Second, system power itself can be reduced by a careful evaluation 
of the RSAT problem in register switches, with the aim of re- 
ducing their drive requirements while maintaining low RSAT drift. 

At the same time speed and power improvements are sought, a 
substantial reliability gain and a reduction in size and cost 
could be achieved by use of fully-integrated logic. For example, 
integrated flip-flops (full binary, J-K type) are now available 
in TO-5 cans at about one-half the cost of series 300 welded 
flip-flops. 
development effort conducted by the writers.) 
now on the timing and control, sequencer, set-reset logic, and 
reset and blanking cards could be replaced with integrated logic 
elements. However, it is not anticipated that linear integrated 
circuitry will become available in the near future which can 
achieve the performance required of the discrete-component 
circuitry developed for the comparator, register switches, +15 v 
precision reference supply, or power supply cards. These circuits 
could be packaged in welded module form, though. With the integ- 
rated logic also packaged in welded modules, it is estimated 
that a reduction in ADC volume of better than 2:l could be 
achieved. In other words, the entire basic ADC could be contained 
on four (possibly three) 4.3" x 3.2" cards. Gain and zero cali- 
bration logic described in section 5 should also be implemented 
using integrated logic, and could probably be contained on one 
additional card. 

(Such integrated logic is used in a current aerospace 
Most circuitry 

All of the foregoing paragraphs, then, serve as a recommendation 
for ultimate, long-range improvements in circuitry and packaging 
using the ADC-4 as a starting base. 
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The following paragraphs suggest certain imediatelv-realizable 
improvements which do not require circuit configuration changes. 
(These are aside from minor refinements which may result from 
ADC-4 production and cannot be anticipated.) 

First, it is recommended that the Model 301 motherboard be 
modified to isolate primary and secondary power grounds. Then 
removal of the ground strap on the ADC-4's power supply allows 
it to provide isolation. 
package could then be deleted, .which would result in an overall 
power savings. Another possibility is that of further reducing 
ADC-4 drift by Special specification of critical dual-chip 
transistors (Ql, 02, Q3, Comparator; Q3, Q4, +15 v Precision 
Reference Supply). It should be possible to obtain lower-drift, 
selected versions of these transistors at somewhat greater cost. 

A significant improvement in ADC-4 reliability could be obtained 
by substitution of metal film resistors for all wirewound units 
(Comparator, +15 v Reference, and Ladder Network). (A bit-failure 
rate calculation shows a reliability increase of nearly 5,000 
hours MTBF when metal film resistors are used.) A metal-film 
ladder network has been used in the ADC-4 prototype and is 
completely satisfactory. The low temperature coefficients 
required make the network quite expensive (about $300.00), 
compared to a wirewound network (about $80.00), which is the 
reason wirewound resistors were chosen. 

The isolating supply for the PCM 

Finally, and most significant, the entire ADC-4 could be re- 
packaged in cordwood welded modules. Nearly all components 
used in the present design have or are available with weldable 
leads. All resistors, diodes and (almost all) capacitors are 
the same physical size, that of a one-quarter watt resistor, 
since they were chosen with the idea of welded packaging in mind. 

when mounted vertically, so card spacing would have to be in- 
creased somewhat. Extremely dense packaging (more than 120 
normalized components per cubic inch) has been achieved in 
Dynatronics standard airborne modules. It appears very likely 
that a reduction in ADC volume of nearly 2:l could be achieved 
by this means, so that the basic ADC could be contained on four 
(or five) 4.3" x 3.2" cards. Possibly two additional cards 
would be required for gain and zero calibration circuits. Of 
course, an inherent disadvantage is circuit inaccessibility. 
Since ADC-4 drift is c o i ~ f i m d  to a very few components which 

These components require a module height of about one-half inch, . .  

? 

-24 - 



1 , .  - t  - 4 -- -t . 
E f 

From: E=Ef E RC fi: - E RC ; Then: - E x 1OPk = ./o s h o r t  of E f i n a l  
E f 

I- - 

TABLE I a  

- E x 1000/, 
t E f 

2 psec 13.600 % 
4 ysec  1.850 % 

8 psec .034 % 
6 ysec  .300 % 

TABLE I b  
(3  db p o i n t  a t  160 kc, RC = 1 p e c )  

Cont r ibu t ion  
- B i t  a t  Input  PA) 

29 50 .OOOO 
28 25 .OOOO 
27 12.5000 
26 6.2500 
25 3.1250 
24 1.5650 
23 .7810 
22 .3900 
2 1  ,1950 
20 .0975 

Arb i t r a ry  S e t t l i n g  
Times (usee) 

8 
8 
6 
6 
4 
4 
4 
2 
2 
- 2 
4 6  psec t o t a l  

E r r o r  Referred 
t o  Input  (%) 

.0170 

.0085 

.0370 

.0190 

.0575*’ 

.0290 

.0150 

.0050 

.0025 

.0012 
(* high ) 

TABLE I I a  
(Using RC = .53 psec) 

E x l0Pk 
t Ef 

2 psec 2.300 % 
4 psec .054 % 
6 psec .010 % 

TABLE I I b  
(3  db po in t  a t  300 kc,  RC = .53 psec) 

Cont r ibu t ion  
a t  Input  (%) 

5 0  .OOOO 
25 .OOOO 
12.5000 

6.2500 
3.1250 
1.5650 

7 ~ i n  

.3900 

.1950 

.0975 

. 1 u A” 

-26- 

Arb i t r a ry  S e t t l i n g  
T imes ,  5.01% Erro r  
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